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I. II_ODUCTION

This is the Sixth _uarterly Progress Report which describes the

technical progress from 1 July through 17 September 1966 under NASA

Contract No. NASW-1283. Scientific investigations accomplished during

the current reporting period resulted in the generation of the follow-

ing papers submitted and/or accepted for publication in accredited

scientific journals, books and/or CCA Technical Reports or presented at

scientific meetings.

Technical Papers Submitted and/or AcceRted fo r PublicaCio n

a. Submitted

Reactions o_ 1D Oxygen Atoms III. Ozone Formation

in the 1470A Photolysis of 02 (P. Warneck and
J.O. Sullivan)

Reactions of 1D Oxygen Atoms IV. Reactions with

N20, N 2 and CO2 (P. Uarneck and J.O. Sullivan)

The Photoionization Cross Section of Atomic

Hydrogen (R.B. Cairns and J.A.R. Samson)

Ion Temperatures in the Topside Ionosphere

(A. Dalgarno and J.C.G. Walker)

b_ Accepted

Studies of Ion-Neutral Reactions by a Photoioniza-

tion Mass Spectrometer Technique II. Charge Transfer

Reactions of Argon Ions at NearThermal Energies

(P. Warneck)

On the Quenching of 6300_ Airglow (P. Warneck and

J.O. Sullivan)

,l_,bllcation

J. Chem. Phys,

J. Chem. Phys.

Phys. Review

Planetary Space
Sci.

J. Chem. Phys.

Planetary Space
Sci.



I

I

I

I

I

I

I

I
I

I

I

I

I

I

I
I

I
I

I

Technical Papers Presented at Scientific or Professional Neetings

Atmospheric Ion-Nolecule Reactions by a Photoionization Mass Spectrometric

Technique (P. Warneck and F.F. Harmo) - INVITED PAPER presented at a

Sumposium on the Physics and Chemistry of the Lower Atmosphere held at

the University of Colorado in Boulder, Colorado, on 27-29 June 1966.

Collision Processes in Planetar_ Atmospheres (A. Dalgarno) - INVITED
PAPER prepared for presentation" by A. Dalgarno at the International

Astronomical Union Working Croup on Collision Processes in Astrophysics

held in Boulder, Colorado, on 11-15 July 1966.

Atom-Atom Collision Processes in Astrophysics (A. Dalgarno) - INVITED

PAPER prepared for presentation* by A. Dalgarno at the International

Astronomical Union Working Croup on Collision Processes in Astrophysics

held in Boulder, Colorado, on 11-15 July 1966.

Reactions of 1D Oxygen Atoms (P. Warneck) - Presented at the American

Chemical Society Meeting held in New York City on 12-14 September 1966.

In Section II, technical suunaries are given on the work performed

under the present contract. During the current reporting period, signifi-

cant progress has been achieved in the following areas: (a) photo-

chemistry of planetary atmospheres, (b) theoretical studies, (c) labora-

tory investigations in the VUVand the EUV spectral regions, and (d)

planetary aeronomy.

Section III contains other pertinent information and reports mis-

cellaneous information on the attendance and presentation of papers at

scientific meetings.

Unable to attend meeting because of airline strike.
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IT. TECHNICAL SUMMARIES OF WORK PERFCRMED DURING. THIS OUART_

A. PHOTOCHEMISTRY OF PLANETARY ATMOSPHERES

During this Quarter, the major emphasis under this phase of the

program was directed towards completing the remaining requirements under

the Statement of Work; specifically, Items A(2) and A(3). The former

deals with the experimental determination of the rates of reactions

O(ID) + N 2 _ O(3p) + N 2 and O(ID) + N 2 -+ N20 to establish the quenching

efficiency of nitrogen whereas the latter involves the study of VUV photol-

yses of planetary gases to establish the role of minor constituents.

I. Reactions of O(ID) Oxygen Atoms with N2, N20 and CO 2

In a previous Quarterly Report, it was shown that the experi-

mental determination of the rates of reactions O(1D) + N 2 -, O(3p) + N 2 and

O(1D) + N 2 -+ N20 could be achieved without involving isotope measurements.

In fact, these studies have now been accomplished by employing photolysis

techniques described previously and directly applicable to determining the

role of O(1D) with other molecules such as N20 and CO2. In fact, in this

report a detailed account is given which summarizes the reactions of O(1D)

oxygen atoms with N20 , N2, and CO2. It turns out that only in this manner

can the quenching efficiency and relative role of molecular nitrogen be

evaluated. It will be shown that the reactions of (olD) with N20 and CO2

have similar rates whereas those involving N 2 are slower by at least one order

of magnitude. In addition, all three reactions are slow in comparison to the

reactions between O(1D) and ozone. A rather detailed report is given here so

that a proper perspective can be obtained for the relative roles of N2, CO 2

and N20 in planetary atmospheres,

3
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It has been previously shown I that the amount of ozone formation

resulting from the 1470_ photolysis of oxygen in a flow system is a function

of pressure and several other parameters. It was also shown that the vari-

ation of the ozone quantum yield originates from reactions of 1D oxygen

atoms, which at 1470_, are generated simultaneously with ground state 3p

oxygen atoms (approximately in a 1:1 ratio) by the primary process of 02

The experimental observations are in agreement with thephotodissociation.

reaction sequence.

(1) 0 2+hv-_o+o

(2) 0 + 02 + M-_ 03 + M k2

(3) 0 + 02 + M-_ 03 + M k3

(4) 0 +02,-,02+0k 4

(5) 0 +0 3 --,.02+0 2 k5

where the asterisk indicates oxygen atoms in the metastable 1D state.

The ozone quantum yield is dete_mtned essentially by the balance of ozone

formation via steps (2) through (4) and ozone consumption in step (5). The

consumption of ozone by reaction with 3p oxygen atoms can be neglected for

the considered flow conditions.

On this basis, it appears that the ozone quantum yield can be

utilized as an indicator of O(1D) reactivity toward other gasest admixed

to the oxygen flow, provided that (a) they do not react appreciably

with 3p oxygen atoms and (b) they do not disturb the predominance

4
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of the primary process (i). This possibility was investigated for

mistures of oxygen with nitrous oxide, nitrogen and carbon dioxide.

The results and their interpretation are the subject of this paper.

The quantitative evaluation of the data provides further information

on the relative reactivity of ID oxygen atoms with these gases.

A detailed description of the flow apparatus has been given pre-

viously. 1'2 Briefly, a xenon source fitted with a BaF 2 window was used

to generate 1470 _ radiation. Oxygen or mixtures of oxygen with N20 ,

N 2 and CO 2 were irradiated in the flow system; and the amount of ozone

formed in the turbulent reaction region near the window was determined

as a function of pressure, utillzing the absorption of 2537 _ mercury

line in a 40 cm long absorption tube as a measure of the ozone concen-

tration. The ozone quantum yleld is defined by _ = [03] v/I, where [03]

is the ozone concentration in the absorption tube, v is the gas flow rate

in =c/set, and I in photons/set is the over-a!! intensity of the xenon

source. The source intensity was determined actlnometrlcally from the

amount of ozone produced in a fast flow of pure oxygen at atmospheric

pressure. It has been shown prevlously 1'3 that, under these conditions,

the ozone quantum yield is only slightly lower than two.

The results of this investigation are presented in Figs. i and 2,

where the ozone quantum ylelds are plotted as a function of pressure for

5
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a 4:1 mixture of oxygen with nitrous oxide and for I:I mixtures of

oxygen with nitrogen and with carbon dioxide. For comparison, the

pressure dependence of the ozone quantum yield in pure oxygen deter-

mined previously is indicated in both figures by solid lines. According

to these data, the ozone quantum yield is reduced considerably upon the

admixture of N20, but the effect is less pronounced for C02 and hardly

noticeable for N 2. From the known absorption coefficients of these gases

at 1470 _, it can be shown that,for the indicated mixing ratios, oxygen

is still thepredominant absorber, intercepting at least 90 percent of

the incident radiation, so that the effective primary process in these

mixtures is the same as that in pure oxygen. Since,in addition, none

of the added gases reacts appreciably with 3p oxygen atoms, it seems rea-

sonable to attribute the observed changes in the ozone quantum yield, com-

pared wlth those observed in pure oxygen, to reactions of ID oxygen atoms

with the admixed gases. These reactions must occur in addition to the re-

actions with oxygen and ozone, reactions (3) through "'" _e .......... _2. v_L_uu_

possibilities will be considered individually in the following discussion.

In the analysis of ozone quantum yields observed in pure oxygen, it

has been found convenient to treat the reaction region in the vicinity of

the window as a stirred reactor on account of the turbulence produced at

this location by the reversal of gas flow. In this manner, the ratios of

rate constants k3/k 5 = 2.1X 10 -23 and k4/k 5 = 6.1X 10 -4 have been evalu-

ated. The present results are again discussed on the basis of the stirred



reactor treatmentD making use also of the previously determined rate

constant ratios.

a. Nitrous Oxide

From work on the photolysis of N20 in the 1850 _ wavelength

regio# '5 and related experimental studies, 6'7 it has been established

that ID oxygen atoms react with N20 in two ways_

I
I
I
I

I
I

(6a) o

(6b) 0

+ N20 -_ N 2 + 02

+ N20 "+ 2 NO ,

with the probability of the reaction entering either channel being ap-

proximately equal. In the present experiments, the ozone quantum yield

Is further affected by the subsequent reaction of nitric oxide with ozone

(7) NO ÷ 0 3 _ NO 2 + 0 2 .

These reactions must be considered in addition to reactions (i) through (5).

The pertinent stirred reactor equations read

= _ + [o*] {k3[x] .+.k4> ro2] - ks[o3] - k7[z_o] [03]R

I °_.._._.i. _o+_
I

I

I

I

(k3[M] + k 4) [02 ] + ks[03] + (k6a + k6b) IN20]

z_ • 2 keb[0*) IN20] - kT[m] [03]

In thuilquitLOnlj v is the flow rata, K the reactor volume, Z the inte-

grated irradiation lnten|lty, and the concentrations are indioated by brackets.

9
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Further, it has been assumed that the efficiency of N20 as a third body

in reaction (3) is approximately the same as that for 0 2 as the third

body. This si_pllfieatlon is Justified by the previous observation that

reaction (3) serves mainly as a correction to reaction (4) and becomes

significant only at higher pressures. Since R is of the order of 1 cc,

it is found that Z/R >> v[O3]/R. Similarly, with the known rate constant

for reaction (7), (8"I0) it is found that k7 [NO] [03] >> v[NO]/R s so that

both the O* atoms and NO are almost entirely consumed within the boundaries

of the reactor. I.llththese conditions, the above equations can be

rearranged to yield

(a) _ IN20]

k5 _
(2 - _) A - _2i/[o2]v

i i i

(k6aik6b')' (cp - I) + (I + q))

where _ = [03]v/I is the ozone quantum yield, and A = (k3[M] + k4)/1¢ 5.

Note that the reaction volume R has cancelled. Equation (a) has been

applied to the data shown in Figure 1 to determine the rate constant

of partitioning between the _ channels of reaction (6) is not preclsely

known, the calculations were performed for two cases, k6a/k6b - 1 and

k6a/k6b = 2. The resulting k6b/k 5 values are similar. The corresponding

overall rate constant ratios are (kSa + l¢6b)/k5 = 4o4 x 10"3, respectively,

and (k6a/k6b/k 5 = 7,5 x 10 "3, By comparison with the previously established

value for k4/k 5 in pure oxygen, it is seen that the reaction of O(1D) with

N20 is by an order of magnitude faster than that with 02, but that it is by

two orders of magnitude slower than the reaction of O(1D) with ozone,

10
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TABLE i

Pressure I/v

(rmnHg) [02]/[N20] 105 photons/co k6b/k5)

(a)

31 4.44 i.19

60.9 7.00 i.14

x 103

(b)

61.2 3.55 i.ii

61.7 5.66 1.16
b

99.2 4.81 1.17

99.3 6.81 1.23

I00.I 4.44 1.19

196.5 4.60 1.12

199.0 4.47 1.05

201.7 4.32 1.27

I 398.6 4.62 1.27
400.0 4.56 1.32

I 4.23 1.47401.0

760.0 4.00 1.01

I 761.2 4.00 1.09

763.0 4.20 1.06

i

(a) ,k6a/k6b = 1 average value k6b/k 5 = 2.2 ± 0.2 x 10-3

I (b) k6a/k6b = 2 average value k6b/k 5 = 2.82 ± 0.5 x 10 -3

11

0.55 1.75 3.26

0.69 2.90 3.74

0.49 2.89 5.90

0.67 2.38 3.18

0.74 2.05 2.49

0.81 2.14 2.38

0.68 2.22 2.88

0.82 2.04 2.27

0.83 2.02 2.46

0.81 1.95 2,90

0.94 2.05 2.12

0.89 2.15 2.31

0.85 2.27 2.49

0.98 2.30 2,31

1.00 2.16 2.16

1.01 2.20 2.23
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b. Nitrogen

The interaction of ID oxygen atoms with nitrogen leads either to

a deactivation of the singlet state or to the formation of nitrous

oxide by attachment

(8a) 0 + N 2 _ N2 + 0

w

(8b) 0 + N2 _ N20 •

The generation of N20 via reaction (8b) has been observed in several

laboratory studies, i.e., in the gas phase by Groth and Schierholz II

12
and more cently by Norrish and Wayne; in liquid nitrogen by DeMore

13 14
and Raper; and in a solid nitrogen matrix by DeMore and Davidson.

The yield of N20 in all of these cases was relatively low, indicating

that reaction (8b) is either slow or that it is overshadowed by the

deactivation of reaction (8). Indeed, the quantitative results of

DeMore and Raper 13 show that for ID oxygen atoms reacting with liquid

nitrogen, deactivation is 75 times more probable than _2 u zormaLlon.

The present results on ID oxygen atoms reacting in the gas phase

can provide no quantitative information on the partitioning between

reactions (8a) and (8b), but they show qualitatively that the deactiva-

tion reaction is predominant so that they substantiate the conclusions

13
reached by DeMote and Raper. To demonstrate this, the stirred reaction

treatment given above is extended to include reactions(8). It is found

that reactions (6) and consequently also reaction (7) are negligible in

comparison to the removal of N20 from the reac£ion space by the gas flow,

so that the essential reactions are (1)°through (5) and (8). From the

12
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stirred reactor equations, one obtains the expression

k8a [N 2]

k5 [0 2]

%021/v(02) - (2 - @)A

(2 - _) (k8b/k8a)( _ - I)

The numerator on the right-hand side of this equation is positive

throughout the range of quantum yields observed in the experiments

with nitrogen-oxygen mixtures. Since the left-hand side is positive

by definition, it is apparent that the denominator on the right must

also be positive. This requirement leads to the criterion that

ksb/k8a < (2 - _)/(@ - I). From the highest ozone quantum yield,

_ 1.85, observed in the nitrogen oxygen mixture near atmospheric

pressure, one obtains ksb/ksa< 0.17. This upper limit value clearly

indicates that N20 formation by reaction of 0(ID) with nitrogen is

a minor reaction path and that the deactivation reaction (8a) pre-

dominates. For the determination of the rate constant ratio k8a/k5,

it is convenient to neglect reaction (8b) altogether, setting ksb/k8a =

0. The values for k8a/k 5 resulting from the experimental data are shown

in Table 2. The results are reasonably consistent in view of the many

parameters that enter into Eq. (b), and the absence of trends with pressure

can be taken as further indication that deactivation predominates the inter-

action of O(ID) with nitrogen. The average rate constant ratio k8a/k 5

3.0 x 10 -4 is slightly smaller than the equivalent ratio involving deactiva-

tion by oxygen, k4/k 5 - 6.1 x 10 .4 , determined previously from the ozone

quantum yields in pure oxygen. The ratio kA/k8a is approximately two.

15
This is in agreement with the conclusions by DeMure and Raper that the

rate constants for quenching of 0(1D) by oxygen and nitrogen are o£ the

same order of magnitude. The rates of both reactions are small when com-

pared to that of 0(1D) reacting with ozone.

13
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OZONE QUANTUM YIELDS

TABLE 2

AND RATE CONSTANT RATIOS FOR i:i

I

I
I
I

I
I
I
I

I,

I

I
I

I
I
I

Pressure

(ramHg)

I/v x I0

photons/co _ (k8a/k5) X

760 0.83 1.85 3.92

28.5 1.04 0.68 1.53

29 0.66 0.78 0.63

60 0.86 1.08 3.78

69.5 0.96 1.03 2.64

100 0.83 1.21 2.43

150 0.97 1.33 3.40

195 0.93 1.36 1.40

290 !.O& 1.65 8.20

400 1.08 1.64 2.67

595 1.05 1.75 2.55
¢.

760 O. 92 1.83 3.10

104

14

I" I ' ' ,

average ksa/k 5 - 3.0 -+ 1.2 x i0"4
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c. Carbon Dioxide

The interpretation of the present results on the interaction

of O(ID) with carbon dioxide is hampered by the lack of specific

information concerning the involved reactions and their products.

From the observation of an isotope exchange of excited oxygen atoms

with (labeled) C02, it is known 16'17 that 0(ID) reacts with carbon

dioxide in a manner essentially different from that of simple de-

activationf i.e., by formation of a CO 3 complex. The concept of a

long-lived CO 3 intermediate was first suggested by Katakis and Taube 16

to explain the isotope effect, and it has subsequently been invoked in

18
Part II of this series to explain the observed oxygen deficiency in

the vacuum ultraviolet photolysis of CO2. More recently, the existence

of CO 3 has been confirmed by Thompson and collaborators 19 using the ma-

trix isolation method. Accordingly, the formation of CO 3 must be con-

_idered in the interpr_-tion of the present results.

From a detailed study of the isotope effect, Yamazaki and Cvetanovid 17

have found that the exchange reaction of 0(ID) with CO 2 is almost as rapid

as the reaction of 0(ID) with N20, whereas the present data in Figs. I and

2 appear to indicate a greater effect for N20 than CO 2. However, this be-

havior may be an apparent one owing to a balancing between two reactions

involving 0(ID) and C02; one diverting ID oxygen atoms from producing ozone

and one enhancing ozone formation.

Two mechanisms that can produce this effect were considered_ and these

will be discussed separately.

15
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The simplest pair of reactions which can explain the results in

the 20 to 200 mm Hg pressure region is

9a 0 + CO 2 _ CO 2 + 0

9b 0 + CO 2 _ CO 3 ,

where reaction 9a is assured to involve oxygen atom interchange. When

these reactions are taken together with reactions (i) through (5), the

application of the stirred reactor equations yield the expression

(c) kga [C02] _211v[02] - (2-q0)A

k5 [ 02] = (2 - _0) - (kgb/kga) (_0 - i) "

Here it is again assumed that the third body activity in reaction (3) is

approximately equal for oxygen and carbon dioxide. Equation (c) then pro-

vides ratios of rate constants kgb/k 5 as a function of pressure with kgb/kga

as a parameter. It is found that there exists a relatively narrow range,

I < k9b/kga < 2.5, for which a reasonable pressure independence of k9a/k 5

is achieved. Table 3 lists the rate constant ratios resulting for the

choice of k9b/k9a = 2.0. From the average rate constant ratios for this

case, k9a/k 5 _ 8.0 x 10 -4 , one obtains for the combined reactions of 0(ID)

-3

with C02: (kga + kgb)/k 5 = 2.4 x i0 . This rate constant ratio is of the

same order of magnitude as that found above for the reaction of 0(ID) with

nitrous oxide. This agrees with the results of Yamazaki and Cvetanovi_,and

thereby supports our assumption that the present results are due to a balancing

of two reactions between 0(ID) and carbon dioxide.

However, while reactions (9) can explain the experimental data in the

20 to 200 mm Hg pressure region, they do not provide for the sharp increase

16
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TABLE 3

x 1022
P_essure I/v (k9a/k5) 104 (kll/k5) x

(mm Hg) 1015 photons/co _ (a) (co/molecule)

(b)

I 29.9 0.93 0.98 18.00 4.4

30.0 0.96 0.81 3.32 ---

I 30.3 0.82 0.94 6.52 II.4

59.8 0.89 1.13 9.50 12.1

I 60.1 I. 14 1.03 6.80 7.8

I 60.9 1.14 1.03 6.40 7.3

I00.0 1.02 1.20 8.65 7.5

I I00.3 1.29 1.20 8.85 7.5

101.3 1.07 i. I0 10.46 ii.9

I 20001 1.30 1,28 6.82 6.3

I 201.6 1.33 1.26 8.85 4.0

396.4 I. 60 1.48 --- 4.9

I 401.7 1.46 1.57 --- 7.2

760.0 1.39 1.81 --- 11.8

I 760.0 1.09 1.82 --- 12.1

I
(a) k9b/k9a m 2 average k9a/k 5 = 8.0 ± 1.9 x 10 -4

(b) k9b/k 5 m 3 x 10 -3 average kll/k 5 - 8.3 • 2.3 x 10 -22 ee/molecule
I

I

I

I

17
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in the ozone quantum yield at higher pressures. Using the values given

above for kgb/k9a and k9a/ks, ozone quantum yields were calculated from

Eq. (c) for the entire pressure region. The results are shown in Fig. 2

by the dashed line which demonstrates the discrepancy between calculated

and observed ozone quantum yields at pressures greater than 200 mm llg.

In this pressure region, evidently, additional reactions are required

to interpret the data, and two such reactions have been considered:

(io)

(11)

CO 3 + 02 _ 03 + CO 2

0 + CO2 + 02 _ 03 + CO 2

The first of these is a logical extension of the CO 3 concept, but it fails

to raise the ozone quantum yield sufficiently rapidly with increasing pres-

sure to represent the experimental data at the higher pressures satisfactorily.

Reactlon (II) on the other hand can provide the required increase in the ozone

quantum yields if its rate is by an order of magnitude faster than that of

the equivalent reaction (3). This conclusion has two consequences: (a) it

invalidates one of the assumptions made in the above analysis of reactions

(9), and (b) it disturbs the balance between the two channels of reactions (9)

such that reaction (ii) essentially replaces reaction (9a). /

The resulting mechanism is different from the one discussed above and

consists of reaction (9b) and (Ii) occurring simultaneously with reaction (ii)

through (5). The stirred reactor treatment yields the expression

kll _21/v[02] k9b (_ - i) k4

(d) k_-[C02] " (2- _) +k 5 (2- _) k5

for the ratios of rate constants kll/k 5, where k9b/k 5 must be considered an

adjustable parameter. A reasonable representation of the data is achieved

18
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with k9b/k 5 = 3 x 10 -3 , a value which about twice that found on the

basis of the preceding reaction mechanism. Since reaction (gb) is

now the only one leading to isotope exchange, it is apparent that the

agreement with the results of Yamazaki and Cvetanovi_, which was noted

-3

above, is preserved. Values for kll/k 5 obtained with kgb/k 5 ffi3 x I0

are entered in the last column of Table 3. The internal consistency of

these data makes evident that the considered mechanism can explain the

experimental observations throughout the entire investigated pressure

region, in contradistinction to the first mechanism. The average kll/k 5

is kll/k 5 ffi8.3 ± 2.3 x 10-22 cc/molecule. A comparison with thevalue

, i0-23equivalent rate constant ratio for reaction (3) k3/k 5 ffi2.1 x cc/

molecule given previously_ indicates that provided the interpretation is

correct, reaction (II) is approximately 40 times faster than reaction (3).

This large difference in third body activity probably has its origin in

the reactivity of 0(ID) toward CO 2 and the ensuing formation of a CO 3 in-

termediate.

I

I

I

I
I
I
I

The present investigation utilizes the 1470 _ photolysis of oxygen to

generate ID oxygen atoms simultaneously with 3p ground-state oxygen atoms,

and the extent of O(ID) reactivity toward admixed N20, N 2 and CO 2 is asses-

sed from the ozone quantum yields measured in a flow system. The results

generally confirm previous data on these reactions. Specifically, it is

found that the reactions of 0(ID) with N20 and CO 2 have similar rates. The

reactions of 0(ID) with N2 and 0 2 also have similar rates, but they are about

an order of magnitude slower. All these reactions are slow compared to the

reactions of ID oxygen atoms with ozone.
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This material has been submitted for publication in the

Jounral of Chemical Physics as a paper entitled "Reactions of (ID) Oxygen

Atoms IV. Reactions with N20, N 2 and C02" by P. Warneck and J. O. Sulllvan.

In addition, the results have been presented at the Amerlcal Chemical

Society Meeting held in New York City on 12-14 September 1956o
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2. The VUV Pho.tolysis pf Planetary Gases to Determine the Role

of l_Inor Constituents

During this Quarter, photolysls experiments were performed

and analyzed in a manner designed to define the role of minor constituents.

The present experimental setup consisted of a I/2-meter Seya

monochromator with a photomultlplier detector and a 6-1nch length photoly-

sis cell attached to the entrance port of the monochromator. The light

source employed was a hydrogen discharge which supplied sufficient radia-

tion in a 1200 to 3000_ wavelength region. The entrance window of the

absorption cell was lithium fluoride to permit wavelengths down to 1200_,

whereas the exit window was made of quartz which transmitted only those

wavelengths >1550_ so that the appearance of second order spectra were

avoided.

Ex_erlments were performed on the photolysls of pure CO2, on

H2S + 02 and C2H 2 + 02 mixtures. Rather definite results were obtained

for the ease of CO2, whereas rather indefinite results were obtained for

the gas mixtures. This will become evident by the brief description which

is given herein on the results obtained thus far.

For the case of CO2_ the photolysls was performed with wave-

lengths >1750_ where CO 2 is a strong absorber. The spectroscopic product

analysis was achieved by employing the continuous emission from the

hydrogen source for the required absorption studies. The following experl-

mental procedure was employed. The hydrogen source was operated until its
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intensity stabilized; this required about two hours of operation time.

Simultaneously, the cell was evacuated and CO 2 was then admitted into the

cell at pressures which ranged from 10 to 50mmHg. The corresponding

initial (no photolysis) absorption spectra for these pressures were

recorded. Thereafter, durlng photolysis, repeated recordings of the

spectra were made for photolysis periods of one halfp one and over three

hours, respectively.

Briefly, the results are as follows: no change in the

spectra were observed for the period investigated in the wavelength region

2000 to 3000_. On this basis, it can be sho_m that the total ozone con-

1014centration was<5 x molecules per cc. On the other hand, in the

1600 to 1800_ region the observed absorption changed appreciably during

the irradiation period. For this case, Figure 3 shows those spectra

which were recorded under various conditions. I° desloonates the initial

spectruw obtained with m_ evacuated cell. The spectra designated as

(I), (2) and (3) were obtained for tlmes-of-photolysls of O, 1/2 and i

hour, respectively. Continued irradiation beyond one hour did not change

the spectra notlceably, indicating that a steady state was established.

In the absorption measurements,.a spectral resolution of 5_ was employed

so that it is not surprising to note a lack of structure in the observed

spectra. However, the known spacings of the 02 and CO discrete absorption

bands is much greater than 5_ so that these gases can be precluded as

significant contributors to the observed absorption. A contribution due to

ozone can also be precluded since its absorption intensity in the spectral
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region is less than one-tenth of that in the 2500_ region where, as dis-

cussed above, no absorption was detected, In other words, an ozone con-

centration of less than 5 x 1014molecules per cc could not posslbly

contribute any observable absorption. In addition, it should be noted

that the observed change cannot be due to depletion of CO2 since it corre-

sponds to an increase in absorption rather than a decrease. Finally,

auxiliary experiments were performed to establish that the observed

absorption could not be due to outgassing or leaks in the system. Accord-

ingly, it appears that the photolysis of CO2 generates one or more as yet

unidentified products. It would, indeed, be interesting to be able to

establish that this product is CO3 since it is of prime importance in

solving some question on the incomplete reduction of the Martian atmosphere.

Since it was not possible to identify the photolysis product

by absorption spectroscopy, it was decided to employ mass spectrometric

techniques. In this manner, it was hoped to identify either CO3 or some

other product by mass analysis. The employed experimental setup combines

a mass spectrometer with an arc liter-flask to which a vacuum ultravlolet

llght source is attached. The mass spectrometer is small 60-degree instru-

ment operated with a permanent magnetic field; scanning was accomplished by

variation of the acceleration voltage. A smooth capillary is used to

direct the gas sample from the reaction vessel into the ion source of the

spectrometer. The sample lost by the flow through the capillary is replaced

by addltional gas feed-in from a ballast volume. A hydrogen source is used

for irradiation. The time variation of the product concentration, X, in

the vessel under these conditions is governed by the equation
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V dt

where V is the volume of the flask, P is the production rate_ and F the

flow rate into the spectrometer. The solution to this equation for the

case that the product_ X, is not initially present is

x r [I - exp F= _ (-_t)]

indicating that the concentration approaches a steady state. For a flask

volume of i liter and a flow rate of I = 0.3 co/set, the time until steady

state is reached is approximately 7 x 103 sec or two hours, regardless of

the productive rate of the product. However, the steady state concentration

is proportional to P. It should therefore be possible to follow the evolu-

tion of a product with time in conslderable detail.

In the experiments, CO 2 was photolyzed for about two hours and

the spectrum scanned in !5-minute intervals. The evo!utlon of oxygen was

noted, but no other products were identified. Since the parent peak of

CO at mass number 20 was overlapped by an ionized fragment from C02, the

evolution of CO could not be assessed. In the mass 60 to 70 region,

specifically no peak could be detected that might be associated with CO3.

However, in this range the mass spectrometer was not very sensitive due

to the employed scanning mode. l_gnetlc scanning is definitely desirable

to enhance the sensitivity in the higher mass range. In addition, it

appears that stronger light sources, that is, xenon or krypton lamps will be

beneficial for these experiments.
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Additional photochemical systems were investigated in a pre-

llm/nary fashion. These consisted of mixtures of oxygen with acetylene

and hydrogen sulfide irradiated with light in the i000_ region. The

first required a I0:I excess of oxygen; under these conditions the inltlal

reaction is

0 + C2H 2 -* CO ÷ CH 2

with the atomic oxygen being all consumed by acetylene. The 1D oxygen

atoms generated simultaneously with O(3p) may react differently, but so

far no specific evidence in this respect has been obtained. The methylene

radical evolvin_ from the above reaction is fn the triplet state and

reacts rapldlywith oxygen, The resulting products have not been defined

as yet. One appears to be C02_ but it is not known if this results directly

from the interaction of CH 2 with oxygen or by subsequent reactions of an

intermediate.

The photolysls of the H2S + 02 mixtures was also analyzed

in a similar manner, It was found that the large rate of evolution of

hydrogen makes its role important; but the present experimental set-up

makes it difficult to study the low mass range slmultaneously with the

higher mass range. Additional optimization of the system is requlred_

that is, perhaps the addition of magnetic scanning. It may also be noted

that due to overlap of mass spectra of primary and product molecules

difficulties exist in obtaining a sufficient amount of the desired informa-

tlon_ particularly for minute amounts of minor product evolution.
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For the gas analyses problems encountered, gas chromatography appears

to be a more versatile and appropriate analytical tool. An appropriate

gas chomatograph has been purchased on company funds in order to apply

an improved analysis in future investigations in the identification of

minor constituents in the photolysis of planetary gases.
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B. THEORETICAL STUDIES

During the current Quarter, theoretical studies were performed and com-

pleted in three scientific areas: (i) Atom-atom collision processes in astrophysics,

(2) Collision processes in planetary atmospheres, and (3) Ion temperatures in the

topside ionosphere. The first two papers are reproduced here in their entirety

since they were prepared for presentation at the International Astronomical Union

Working Group on Collision Processes in Astrophysics and the plans for publication

in an accredited journal are at present not fixed. On the other hand, a summary

report is given for the third paper since it has been submitted for publication in

Planetary and Space Science so that the detailed report will be available in that

journal.

i. Atom-Atom Collision Processes in Astrophysics

Atom-atom collision processes which are relevant to astrophysical

problems appear to occur either at thermal energies or at very high energies.

Low energy collisions require special considerations but, with the exception of

rearrangement processes, high energy collisions can be described by the Born

approximation. It follows that proton impact cross sections for excitation and

ionization of the target species are comparable to, but larger than, those for

electron impact for equal velocities of the proton and the electron. Excitation

and ionization by heavy particles other than bare nuclei is complicated by the

possibility of excitation and ionization of the incident heavy particle, and colli-

sions in which the incident particle and the target particle both undergo transi-

tions may be more probable at high energies that collisions in which only one of

the colliding pair undergoes a transition. However, high energy neutral particles

are rarely of interest in astrophysics since they are readily ionized and the

reverse process of charge transfer or electron capture is improbable. Although

the high energy behavior of _e cross section for charge transfer

X++Y_X+y +
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is still obscure (see Bransden 1966 for a detailed review), it is clear

that the cross section ultimately decreases rapidly. The expected

rapid decrease may not emerge from laboratory investigations since

capture of inner shell electrons is important up to very high energies

(Mapleton 1966).

Except for bare nuclei, heavy particles can induce transitions

involving a change of spin multiplicity. In such transitions the core

of the heavy particle behaves as a spectator in the high velocity limit

and the active electron may be regarded as a free electron. Explicit

calculations for the reaction

H + He (IIs) _ H + He (23S)

have been carried out by Bates and Crothers (1966).

Comprehensive accounts of atom-atom collisions are given in "Atomic

and Molecular v...... ==, edited by Bates (1962), and a collection of more

recent papers and reviews comprises "Atomic Collision Processes" edited by

McDowell (1964).

High Energy Collisions

Because of the occurrence of cosmic rays, high energy collisions of

protons and of neutral hydrogen atoms with hydrogen and possibly helium

assume a special importance, and we present a brief discussion of the

available data.
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Comprehensive data are available only within the Born approxima-

tion. Calculations on a few processes hvae been performed using more

refined approximations which are useful in assessing the accuracy and

the range of veloclty of the Born approximation results (Bates 1959,

1961, Mittleman 1961, Bates and Williams 1964, Coleman and McDowell

1965, Lovell and McElroy 1965, Ingber 1965, Fulton and Mittleman 1965,

Cheshire 1965, Coleman and McDowell 1966, Wilets and Gallaher 1966).

Excitation and Ionization of H by H+

Bates and Grlffing (1953) (see also Bates 1958) have presented

the results of Born approximation calculations of cross sections

Q(niIi;nf_f) for the excitation processes

H + + H(ls) _H + + H(2s,2p,3s,3p,3d)

and the ionization process

H + + H -_ H+ + H + + e.

(i)

(2)

(See also Peach 1965). For the ionization process, they present the

velocity distributions of the ejected electron. The ionization cross

section agrees closely with the measurements of Gilbody and Ireland

(1964) above 40 keV but lieabove the measurements of Fire, Stebbings,

Hummer and Brackman 1960) below 40 keY. The cross section for excita-

tion into the 2p state is about twice that measured by Stebbings, Young,

and Ehrhardt _1965) between 5 and 30 keV but falls below it for energies

below 3 keY.
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At high energies E measured in keY,

Q(Zs;2s) ~ ll'---!
E

(I - 7.__sE ) _A°2

and

Q(ls;2p)~ 128 (log E - 1 185 +_4__) _Ao 2
E ' _ "

Thus excitation of p states dominates in the asymptotic region. Cross

sections for other values of ni,_i, nf and _f may be derived from elec-

tron impact cross sections (Bates and Grilling 1953, Carew and Milford

19631. May (1965a) has obtained a simple formula for excitation into

all the sub-states corresponding to a particular value of n when n is

large. He shows that

I.(E) (1 + O(n-2)) _ko 2 (3)
Q(Is; Z_n_) = 3

n

where I(E) is given in Table4 • Cross sections for =_=====_,,=_"_^" in_ =̀_

all the discrete levels _Q(Is;n_) have been calculated by Butler and

n_

Parcell (1965) and their results are reproduced in Table 5.

Cross sections for transitions in which the target atom is excited

have been computed by Carew and Milford (19631 whogive results for the

target atom in states with principal quantum number n i = 2,3,4,5 and i0

for transltlonssuch that nf-n i = I or 2. With decreasing threshold

energy, the cross section maximum increases to lower energy and as n i

increases, proton impact becomes more efficient than electron impact in

causing transitions in the thermal energy range.
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TABLE 4

VALUES OF THE FUNCTION I(E) APPEARING IN EQUATION (3)

Impact Energy E

(keY) I (E)

1.6 0.58

3.1 2.5

6.3 6.1

12.5 8.9

25 8.5

50 6.5

I00 4.4

_vO 9 ._i
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TABLE 5

2
SECTIONS Q IN UNITS OF _a

O

Impact Energy Z Q(is,2e) Z Q(is;n_)

(keY)

6.24

_+ O(ls,3e)

2.26

n_

2.53

I
I

I
I

I
I

7.71

9.76

12.74

17.35

25.0

39.0

69.4

156.1

277.6

624.5

2.49

2.67

2.74

2.75

2.58

2.24

1.72

I. 08

0.74

0.41

2.83

3.04

3.12

3.15

2.95

2.57

i .95

1.23

0.83

0.44

I

I

I
I

I
I
l
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Excitation and Ionization of H by H

Bates and Griffing (1954, 1955) (see also Bates 1958) have presented

the rpsults of Born approximation calculations of cross sections Q(Is -

n1_1; is - n 2 2 ) for the excitation processes

H(Is) + H(Is) -_ H(nlJ I) + H(n 2 2)
(4)

and for the ionization processes

H(Is) + H(Is) -_ H(nlJ I) + H + + e

H(Is) + H(is) -_ H+ + e + H + + e .

(5)

(6)

At high impact energies, E(keV),

Q(Is-2s; Is-Z) ~ 4.3 2-_- _ao (7)

Q(Is-2p; Is-Z) _ 21-_ _ao2 (8)

where Z is the sum of all possible final states, including the continuum.

For ionization at high energies,

128 2

Q(is - C; is - Z) ~T _ao .

Collisions in which the incident atom re'nains in the Is state contri-

bute only about 13% of the total.

May (1965b) has derived further asymptotic formulae for Q(Is -

Z n_; Is - Is) and Q(IsJ- _ vJ; Is - Z), showing that for large n
e

-3
they decrease as n .
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Bates and Griffing (1955) have obtained the velocity distributions

of the electrons ejected in ionizing collisions of stationary hydrogen

atoms by hydrogen atom impact. To compute the velocity distributions of

electrons ejected from the moving projectile atom, it is necessary to

calculate also the angular distributions of the ejected electrons, and

this calculation has been carried out by Dalgarno and Grlfflng (1958).

Collisions in which the target atom is excited have been investi-

gated by Bouthilette, Healey and Milford (1964) and collisions in which

both the projectile and the target atoms are excited by Pomilla and

Milford (1966).

The charge transfer process

H+H-,H++H"

has been investigated by Mapleton (1965).

Charge Transfer of H+ in H

[' Cross sections for electron capture by protons'from atomic hydrogen

H÷ + H(ls) _ H(he) +H +

have been computed using the Brinkman-Kraner form of the Born approximation

for final states up to 4f by Bates and Dalgarno (1953) and their work has

been extended to higher states of excitation and to capture from excited

atom| by Butler and Johnston (1964), by 1day (1964), by Hiskes (1965) and

by May and Hodge (1965). The accuracy of the absolute cross sections is
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open to question but the relative values for capture into different excited

states appear to be satisfactory for impact energies above 40 key (cf Hiskes

-3
1965). For large values of n, the cross sections decrease as n .

Comparisons of different first order approximations (of Bates 1962) have

been made by Bates and Dalgarno (1952), Jackson and Schiff (1953), Bessel

and Gerjuoy (1960), McCarroll (1961), and Mapleton (1962).

The cross section for capture into the 2p state is about twice that

measured by Stebbings, Young, Oxley and Ehrhardt (1965) between 5 and 30 keV

but falls below it for energies below 3 keV.

StopplnK Power of H+ in H

The efficiency with which a beam of protons is slowed down in a gas of

ground state hydrogen atoms has been examined in detail by Dalgarno and

Griffing (1955) using the Born approximation to the cross sections for the

various processes. The mean energy expended in producing an ion pair in

hydrogen gas has also been calculated as a function of impact energy (Dalgarno

and Griffing 1958). The neutralization of the ion beam appears to extend the

range of impact energies over which the beam energy per ion pair is essentially

constant at a value of about 32 eV.

Stoppin_ Power of H+ in an H+: e Plasma

The energy loss of fast protons in an ionized plasma has been calcu-

lated by Hayakawa and Kitao (1956) and by Butler and Buckingham (1962).

The pressure of free electrons in a gas increases markedly the rate of

energy loss.
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Excitation and Ionization of He by H+ and H

Theoretical calculations of the excitation and ionization of He

are much less comprehensive than for H. The following processes have

been studied:

H + + He(l'S) _ H + + He(Is2p'P)

(Mois_i%rich and Stewart 1954, Bell 1961, Bell and Skinner 1962)

H + + He(I'S) _H + + He(Is3p'P)

(Bell 1961, Bell and Skinner 1962)

H + + He(I'S) _ H+ + He+(Is) + e

(Mapleton 1958, Peach 1965)

H+ + He(I'S) _ H+ + He + (n_) + e

(Dcalgarno and McDowell 1955, Mapleton 1958)

H + He(I'S) -_ H(E) + He(Is2p'P)

H + He(23S) -_ H(E) + He(Is2p3p)

H + He(23S) -_ H(E) + He(is3p3p)

(Adler and Moiseiwich 1957),

H + He(I'S) _ H+

(Bates and Williams 1957)

+ e + He (E)

The predicted ionization cross sections agree well with the measure-

ments of Hooper, Harmer, Martin and McDaniel (1962) at impact energies

above 400 keV but be above the experimental cross sections (Federenko,

Afroslmcv, ll'In and Solov'ev 1960 Hooper et a_____l.1962) at lower energies.
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Charge Transfer of H+ in He

Mapleton (1961,1963) has used the Born approximation to calculate

cross section for electron capture by protons from helium,

H+ + He(I'S)_ H(_ + He+(n'_")

for various excited states of the end products. The total charge transfer

cross section is in good agreement with the measured cross section (Stier

and Barrett 1956, Barrett and Reynolds 1958), above 40 keY and the cross

section for capture into the 3s state of atomic hydrogen is in good agree-

ment with that measured by Hughes, Dawson, Doughty, Kay and Stiger (1966)

above I00 keY, but lles above it at lower energies. Hughes et al. also

obtained evidence suggesting that the cross sections for capture into the

-3
nth state of hydrogen decrease as n for impact energies above about 20 keY.

The theoretical cross sections for capture into the 2s states and 2p states

of hydrogen lie well above those measured by Pretzer, Van Zyl and Geballe

(1964), by ColliCristofori Frigerio and Sona (1962) and by Jaecks, Van Zyl

and Geballe (1965) at energies below 20 keY.

The electron capture process for the case when the hydrogen atom

and helium ion are produced in their groundstates has been studied using

higher order approximations by Bransden and Cheshire (1963), by Green,

Stanley and Chang (1965) and by Bransden and Sin Fal Laim (1966).

Low EnerRy Collisions

Excitation by Proton Impact

The cross section for direct excitation by electron impact is broadly

similar to that by proton impact if the electron and proton have the same
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velocity. The electron impact excitation cross section rises rapidly

from threshold to a maximum, which occurs at an impact velocity cor-

responding to about twice the threshold energy, and then decreases

asymptotically as E-l_nE for optically allowed transitions or as E "I

for optically forbidden transitions. Thus electron impact excitation is

usually more efficient than proton impact excitation except when the

threshold energy is only a small fraction of the thermal energy of the

plasma.

An example of an excitation process for which proton impact is more

efficient than electron impact is the 2s-2p transition in atomic hydrogen

H++ H(2s%) _H++ H(2P½, 2P3/2).

-1 -1
The threshold energies are respectively 0.0354 cm and 0.327 cm The

reaction is important in reducing the intensity of the t_o-quantum emis-

sion from H(2s)0

The cross section has been calculated by Seaton (1955) using a

partial wave analysis in which he ensured that no partial wave violated

the conservation laws. The derived rate coefficients at 10,000°K and at

20,O00°K are reproduced in Table 6. They are an order of magnitude larger

than those for electrons. The charge transfer process

H++ H(2s_) _ H(2p_,2P3/2) + H+

is negligible compared to the direct reaction (Boyd and Dalgarno 1958).

Collisions which lead merely to a redistribution of angular momentum

H+ + H_) - H+ + H(nZ')

will usually proceed very rapidly.
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TABLE 6

RATE COEFFICIENT k FOR H+ + H(2s) -_ H+ + H(2pj)

T oK i0,000 20,000

k(cm3sec "I)

1
J=_

2.5xi0 -4 2.1x10 "4

3
j - _ 2.2xi0 -4 2.2xi0 -4
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Similar reactions which may be of astrophysical importance are the

proton impact excitation of molecular rotations

H+ + xy(j) -_ H+ + xy(j').

The particular case

H+ + CS(j.o) _ H+ + CN(J-1)

has been investigated by Thaddeus and Clauser (1966) in connection with

the cosmic microwave radiation at _ - 2.63 mm (see also Field and Hitch-

cock 1966). Their calculations appear to be based upon an approximation

analogous to the Bethe form of the Born approximation (cf. Seaton 1962).

There occurs a strong long-range interaction between the proton and the

permanent dipole moment of CN and the derived cross section for i eV pro-

tons is about 10 "12 cm 2. Thaddeus and Clauser suggest that the process

ma_ be important in HII regions.
?

Because of the strong coupling between" different rotational levels

during the collision, the cross sections for exciting higher rotational

levels will be of comparable magnitude.

Charge Transfer

The symmetrical resonance charge transfer process

H++R_H+H +

does not involve an electronic transition and its cross section can be

-15 2
predicted reliably. At 1 eV the cross section is about 4 x 10 cm

decreasing slowly with increasing energy (Dalgarno and Yadav 1953, Fer-

guson 1961, Peek 1966).
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Resonance charge transfer significantly modifies the diffusion

of H+ in H. Values of the ion diffusion coefficient have been calculated

by Dalgarno (1961) and they are reproduced in Table 7..

Aslmsnetric charge transfer processes

H++x _ H+ x+

involve an electronic transition and they will, in most cases, proceed

very slowly at thermal energies.

H++ O(3p)

which is accidentally resonant.

Exceptions occur ardone such is

+ H + 0+(4s)

Chamberlain (1956) has suggested that the

reaction may affect the ratio of the 0 to O+'densities in the Cassiopeia

radio source.

There is no satisfactory theory of asymmetric charge transfer reac-

tions but an approxlmate analysis by Rapp _.... • ..............

high energies by Fire, Smith and Stebbings (1962) shows that it behaves

like a sy_netric charge transfer reaction down to very low energies. The

10-15 2predicted cross section at 1 eV is 2 x cm , a value consistent with

10 "15the cross section of 8 x cm 2 at 1000°K derived by Hanson, Patterson

and Degaonkor (1963) from upper atmosphere data.

Radiative Charge Transfer

Radiative charge transfer processes in which a photon is emitted

may proceed more rapidly than ordinary charge transfer at thermal energies.
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TABLE7

DIFFUSION COEFFICIENT D+ OF H+ IN H

T OK i000 2000 5000 I0,000 20,000 50,000

D+n(H) x 10 17 1.7 2.6 4.6 7.1 ii.0 20.0
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Calculations have been carried out for two simple cases using a theory

in which the probability of a transition of the quasi-molecule formed by

the colliding pair is integrated along the classical path (Bates 1951).

The reactions which have been investigated are

H_+++ H-_H+ + H+ + h

(Arthurs and Hyslop 1957) and

H_++ + He + He+ + H+ + hv

(Allison and Dalgarno 1965). The first reaction has a rate coefficient

• 10-13 3 -Iof 1 5 x cm sec at 20,O00°K and the second a rate coefficient of

10-15 3 -I4 x cm sec .

Radiative Association

Radiative association

X + Y _ XY+ b v

provides a mechanism for the formation of molecules in gases at low densi-

ties. It may be described by a theory analqgous to that appropriate to

radiative charge transfer. Bates (1951) has computed the rate coefficient

for

H÷ + H _ H2+ hv

i0-18 3 -I i0-16obtaining a value of 5 x cm sec at lO00°K increasing to 4 x

3 -i
cm sec at 20,000°K. Bates also tabulates the rate coefficient for the

free-free transition

H++ H -_ H+ + H+ hv
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For the reactions

C + H _ CH+ hv

C+ + H_ CH+ + hv

-18 3 -I
Bates (1951) has given tentative estimates of 2 x I0 cm sec but he

10-18 3 -inotes that the rate coefficient of the former may be 6 x cm sec
¢"

if the carbon atoms are all in the 3p state and that the rate coefficient
o

vanish if the carbon ions are all in the 2p_ state.of the latter may

The rate of formation of HeH + has not been calculated though the

molecule undoubtedly exists (Michels 1966, Harris 1966).

The free-bound absorption

!

H + H + hv _ H 2

has been investigated by Erkovich (1960), Soshnikov (1964) and Soloman (1964)

for the transition (Is a 2po 3Eu + - iso 2so 3Z;). The process does not

seem to be a significant source of absorption.

The radiative association of two hydrogen atoms

H + H _ H 2 + hv

is a very slow process since the stabilizing transition is highly forbidden.

10-27 3 -IMalville (1964) has given an estimate of 4 x cm sec at 100°K for its

rate coefficient.

Collision-lnduced Radiative Deactivation

Allison and Dalgarno (1963) have calculated the rate coefficient for

H++ Ha(2'S)_H++ He(I'S)+ hr.
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Because of the large polarizability of He(2'S), the reaction proceeds

quite rapidly with a rate coefficient of i0 -II cm3sec -I at 20,000°K.

A slmilar study of the reaction

He(l'S) + He(2'S) _ He(t'S) + He(I'S) + hv

has been completed by Allison, Browne and Dalgarno (1966) who obtain a

rate coefficient of 3 x 10 "14 cm3sec =I at 20,000°K.

Associative Detachment

Associative detachment

X+Y -_ XY + e

is an efficient mechanism for the destruction of negative ions. It may

be regarded as proceeding through the formation of a quasi-molecule XY-

which can undergo autodetachment. Since the mean time for autodetachment

is usually much less than the mean time the nuclei remain in the autodetaching

region, the probability of autodetachment is high. This simple picture led

Dalgarno (1961) to advocate a rate coefficient of UP to i0"I0 cm3sec -I for

m

H + H _ H 2 + e .

Developments in the theory of resonating states should yield a more precise

estimate (see in particular Bardsley, Herzenberg and Mandl 1966).

The process is also of interest in that it leads to a production of

hydrogen molecules (McDowell 1961).
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Mutual Neutralization

Mutual neutralization

X++Y'_X+y

usually proceeds rapidly at thermal energSes because of the long range

attraction in the initial channel and because intersecting potential energy

surfaces are available connecting the initial and final channels. (Bates
f

and Massey 1954, Bates and Boyd 1956). The case

H++ H- _ H + H

has been studied in detail by Bates and Lewis (1955) who have shown that

the rate coefficient may be as large as 10 -7 cm 3 sec -I and varies approxi-

mately as T "_.

Penning lonization

Thermal ionization

X + Y _ X + Y++ e

can also occur efficiently in many instances because of the existence of

intersecting potential energy surfaces (Bates and Massey 1954). The process

is analogous to associative detachment in that a radiationless transition

(autoionization) occurs. The rate coefficients for

and

He(2'S)+ H - _e(l'S)+H++ e

He(23S) + H _ He(I'S) + H++ e

10-11 3 -Imay approach values near cm sec
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The colliding systems may become bound forming HeH +, a process

known as associative ionization.
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Excitation by Neutral Hydrogen Atom Impact

The excitation of rotational levels of molecular hydrogen by the

impact of hydrogen atoms is an important cooling mechanism in inter-

stellar space,. Cross sections for

H+_(j --0) -' H+_(j =2)

have been calculated by Takayanagl and Nishimura (1960) using an approx-

imate version of the distorted wave method. The distorted wave method

has been applied without further approximation by Dalgarno, Henry and

Roberts (1966) with results in close agreement with the earlier

calculations. Their cooling rates are reproduced in Table 8.

Recently Allison and Dalgarno (1967) have solved the set of coupled

equations that describes the collision, obtaining cross sections which

are somewhat lower at high temperatures than those derived from the

predicted cooling rates lies in the interaction potential between H

and _.

Takayanagi and Nishimura (1960) and Dalgarno, Henry and Roberts

(1966) have also tabulated excitation rates for other rotational trans-

itions in _ and in D2

The excitation of'H 2 by H2

_(j = o) + _(j'= o) -. H2(j)+ _(j,)
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TABLE 8

COEFFICIENT H-H 2 (J -J ) (cm3 sec "1)

T°K 0-2 1-3 2-4

20 3.4(-23)

30 2.8(-19) 7.2(-25)

40 2.8(-17) 1.3(-21)

50 4.4(-16) 1.3 (-19) 4.3 (-23)

60 2.9 (-15) 2,7 (-18) 3.i(-21)

80 3.2(-14) 1.3(-16) 6.8(-19)

100 1.4(-13) 1.5 (-15) 1.9 (-17)

200 3.8 (- 12) 2.6 (- 13) 2.1 (- 14)

300 1.4 (- 11) 1.9 (-12) 2.9 (-13)

500 5.3(-11) 1.3(-11) 3.4(-12)

1000 2.2(-10) 7.8(-11) 3.4(-11)

2000 7.1(-10) 3.1 (-10) 1.7 (-10)

3000 1.4 (-9) 6.4 (- 10) 3.7 (- 10)

400.0 2.2 (-9) i.0 (-9) 6.2 (-i0)

5000 3.1 (-9) 1.5 (-9) 9.2 (-10)

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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is less important. The most accurate cross sections are those computed

by Davison (1962,1964).

Takayanagi and Nishimura (1960) have roughly estimated the rate co-

efficient for excitation of the 0-i rotational transition in CH, CN

i

3 -I corresponding to a cross sectionand OH to be 3.5 x I0 -I0 cm sec ,

-15 2
of about i0 cm .

Spin-Chan_e Processes

Purcell and Field (1956) draw attention to the role of the spin-

chahge process

H(F--0) +H - H(F-- I) +H

in controlling the spin population of atomic hydrogen and gave a rough

estimate of its cross section. The process has been further studied by

Dalgarno (1962) and by Dalgarno and Henry (1964) using a theory which assumes

the collision to be elastic and which ignores the effect of molecular

rotation during the collision. The derived cross sections, averaged

over a Maxwellian velocity distribution, oscillate about a value of

2
8 x 10"15 cm for T < lO0°K and decrease slowly at higher temperatures.

A similar process

o(aPj) + H-. O(a1,j_)+ H

was advanced by Burgess, Field and Michie (1960) as a possible cooling

mechanism in interstellar space and Dalgarno and Rudge (1964) proposed
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the additional mechanisms

C+(2Pj) + H C+( 2
Pj) + H

Si+(2Pj) + H _ Si+(2Pj) + H

giving a rough estimate of the cross section. Smith (1966b) has computed

the corresponding cooling rates and he concludes that the 0 - H reaction

is more efficient than the C+- H and Si+ - H reactions (despite the long-

range attraction) and that below 300°K the 0 - H reaction is a more effi-

cient cooling mechanism than excitation of the rotational levels of _ by

hydrogen atom impact.

The theoretical description used by Smith is an extension of that

presented by Dalgarno and Rudge (1965) for collision-induced changes

in the hyperfine structure Of alkali metal vapors and it may not be

adequate for collision-induced changes in fine structure (cf. Nikitin

1965, Callaway and Bauer 1965).

_uenchin_ Collisions

The quenching of radiation through the destruction process

x + Na(2z'i/2) -_ x + m(2Sl/2)

has been studied theoretically by Nikitin and Bykho_skii (1964) but the

lack of adequate wave functions for the quasi-molecule XNa has prevented

qualitative predictions. For inert gas atoms, the measured cross sections
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are about I0-16 2cm . Larger cross sections occur when X is a diatomic

molecule. (cf. Start and Shaw 1966)

Chemical Reactions

Herzberg (1955) has listed a number of exothermic reactions which

produce molecular hydrogen:

CH + + X --_ }I2 + C+,

CH+H -, H2 +C,

NH+H _ H2 +N,

OH + H -_' _ + 0 ,

and Stecher and Williams (1966) have listed other exothermic reactions

which produce CH, OH, N-H, CN, CO and N2. It is conventional practice

to adopt the Arrhenius form for the ratecoefficients

K = A exp(-Z/kT)

and to assume that the activation energy E is given by

A = 0.055D

where D is the dissociation energy of the initial molecule. (Polayni 1962)
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Transport Properties

The thermal conductivity and the viscosity of atomic hydrogen

have been calculated to high accuracy by Dalgarno and Smith (1962)

at high temperatures and by Buckingham, Fox and Gal (1965) at low tem-

peratures . The diffusion coefficient of protons in atomic hydrogen

gas is given in Table 7. Formulas for the transport coefficients ap-

propriate to a fully ionized plasma have been derived by Spitzer (1956)

(see Devoto 1966).
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2. Collision Processes in Planetary Atmospheres

The interpretation of phenomena occurring in the atmospheres of

the planets requires a knowledge of the rates of a large variety of

atomic collision processes. In this summary, we select some of the

more significant problems posed by our present understanding of the

atmospheres of the planets Earth and Mars.

Substantial progress has been made during the last decade in the

laboratory determination of the rates of the thermal chemical reactions

which determine the structure of the atmosphere and ionosphere of the

planet Earth and comprehensive reviews have appeared of the laboratory

measurements of reactions involving oxygen and nitrogen (Schiff 1964)

and involving hydrogen (Kaufman 1964). Most of the measurements refer

to a narrow temperature region about room temperature and efforts to

extend the temperature range to that occurring _n the _tmospbere (!50°K -

3000°K) are necessary. The role of metastable species in affecting the

chemistry of the atmosphere has not been seriously explored yet, largely

because there are few measurements of reactions in which the states of

the reacting species are identified.

Hunt (1966) has recently extended the original work of Bates and

Nicolet (1950) on the photochemistry of an oxygen-hydrogen atmosphere

and he has investigated in detail the diurnal variation of the ozone

concentration. Hunt's paperslnclude a list of reaction rates. Of

special interest is his demonstration that the metastable 1D atom of
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oxygen may play a significant role, despite its low concentrations.

Its importance appears to stem from the reaction

O(1D>+_O _ OH+OH

which leads to a source of free hydrogen atoms in the stratosphere. A

major uncertainty in the calculation is the efficiency of deactivation

of the metastable O(1D) atoms. The 1D level is the upper level of the

red line of atomic oxygen, the emission of which has been observed in

the night and day airslows. The observed dayglow intensities are un-

expectedly weak, since there are several large sources of O(1D) atoms

such as photodissociationin the Schumann-Runge continuum of molecular

+ (but probably not NO+ (Dalgarnooxygen, recombination of positive ions 02

and Walker 1964>) and co111slona1 excitation by the impact of non-thermal

photoelectrons. The dayslow intensities apparently require a rate coef-

ficient of 7 x 10 "11 cm 3 sac "1 for deactivation by co111slons with the

ma4oe__ constituent N2:

o(Iv)+N 2 _ 0(3p>+N 2. (i>

The reaction schema used by Hunt, with which he is able to reproduce

the measured ozone profile, is based on a rate for (i) smaller by about

two orders of magnitude.

The presence of O(ID) atoms in the atmosphere may have important

consequences on the nitrogen oxide chemistry also, but the rates of the

possible reactions of O(ID) atoms with the various nitrogen oxides (which

are largely unknown) are necessary before a realistic analysis can be

carried out.
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The metastable species of molecular oxygen may also affect the

hydrogen - oxygen chemistry and the nitrogen oxides chemistry. 02

m_lecules in the IA state are produced by a number'of processes, the
g

most abundant of which may be photodissociation in the Hartley continuum

of ozone. The metastable molecules have been detected in the twilight

and day airglow (Gattlnger and Vallance Jones 1966), The production and

loss mechanisms have been studied by Gattinger and Vallance Jones (1966)

and by Schlff and Megill (1964), who draw attention to the possible effect

of the reaction

02(I_) + 03 -_ 02 + 02 + 0

on the ozone chemistry. Hunt (1966) has presented a list of some of the

reactions involving 02(lAg) and 02(IEg) but the identification of the

important reactions is tentative and the rate coefficients are very un-

certain. Recent laboratory work on 02(1%) has been reported by Badger,

wright and Whitiock (1965).

emission of the 0-I 02 band of the IA_g - 3Z'- systemThe twilight
g

is much weaker than predicted and the theory does not explain the sea-

sonal, annual or evening-morning variations (Gattinger and Vallance Jones

1966).

The chemistry of the metastable lag states of 02 requires clarifica-

tion in connection with a suggestion by Megill and Hasted (1965) that the

detachment reaction

02(l_g ) + 02 . 02 + 02 + e
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may be significant in the D-reglon during a polar cap absorption event

and possibly also in the undisturbed D-reglon.

Associative detachment

0 + O; "_ O3 + e

may also be significant. The early theoretical suggestion that the

rate coefficients may be as high as 10-10 cm 3 sec "1 has been confirmed

by laboratory measurements of Ferguson, Fehsenfeld and Schmeltekopf

(1966) who find that many associative detachment processes proceed

with rates of about i0"I0 cm 3 sec "I.

Analysis of D-reglon phenomena suggest that in practice detachment

does not occur rapidly and it aPPears necessary to transform 02 into a

different negative ion which cannot participate in an apparent associa-

tive detachment process. A partial llst of the relevant chemical reac-

tions can be obtained from papers by Dalgarno (1961), Whltten and Popoff

(1962) and Branscomb (1964).

It is now established that nitric oxide is an important constituent

of the upper atmosphere, its ionization by solar Lyman-alpha being the

principal source of electrons in the quiet upper D-reglon. Barth (1966)

has detected NO by its fluorescence in the dayglow and he has determined

a tote1 abundance of i.i x 1014 cm"2 below 85 km. The production of NO

has been studied most recently by Nicolet (1965) and by Wagner (1966)

who give a list of the reactions involved in the nitrogen oxides chemistry
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together with estimates of the rate coefficients. Further laboratory

study of the reaction

N +02 _ NO + O

would be valuable. It is sensitive to temperature and the conventiorml

method of extrapolating the data to higher and lower temperatures may

be misleading. Another source of NO is provided by the ionic reaction

o_+% _ .o++_o (2)

Upper limits to its rate coefficient have been derived from laboratory

measurements (Ga111, Giardlni-Gu_donl and Volpi 1963, Ferguson, Fehsenfeld,

Golden and Schmeltekopf 1965) but its actual value at D-reglon temperatures

is unknown. Reaction (2) is also an important reaction in the Chemistry

of the ionic species, a subject which has been discussed most recently

by Donahue (1966) who gives an extensive lis_ of the chemical reactions

ring J 0+ n+ _+ _-_ _n+" -^_ ^_ _ -_, ....._ -_^effec the ma or ions ' v2' "'2 ...............................

coefficients have been measured and reported in a series of papers, sum-

marized by Ferguson eC el. (1965) and Golden eC a1.(1966) but usually

only at room temperature. There is reasonable agreement between the

theoretical and observed ion concentrations above 90 km (cf. Donahue

1966) but the position below 90 km is obscure. According to Donahue

(1966), it is difficult to reconcile the reaction scheme selected for

+
the E and F regions with the large 02 concentrations detected in the

D=resion by Narcisi end Bailey (1965). It may be noted that the meta-

O_ (4_), which is produced in the atmosphere, (Dalgarno andstable
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McElroy 1965), has been omitted from consideration. Little is known

of the reactions responsible for the removal; they have been discussed

briefly by Hunter and McElroy (1966) who have given a valuable, general

review of deactivation processes in the atmosphere (see also Young and

Black 1966). Reactions involving the metastable O+(2D) ion may also

affect the ionic chemistry (Dalgarno and McElroy 1966).

A number of problems involving the identification of the reactions

responsible are posed by the mass spectrometer measurements of Narcisi

and Bailey (1965) (see also Narcisi 1966) who discovered that complex

ions, consisting possibly of water vapor clusters, are the dominant

ionic species in the lower D-region.

However, the most serious difficulty in interpreting ion compo-

sition in the ionosphere is probably that presented by the observed

high abundance of positive helium ions in the topside ionosphere. The

rate coefficients measured for

+ (orN+N +)He+ + N2 -_ He + N2

(cf. Ferguson et al. 1965, Fehsenfeld et al. 1966) is apparently much

too large (cf. Bauer 1966). Either there is an abundant source of He+

as yet unrecognized or the measured rate coefficient is not applicable

in ionospheric conditions. Stebbings et al. (1965) has suggested that

the degree of vibrational excitation may be relevant, but further study

is necessary. The process is also of interest in connection with the
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escape of neutral helium from the atmosphere and with the production at

high altitudes of N2 and N+ ions.

The degree of vibrational excitation of the atmospheric molecules

merits further study especially since Ferguson, Fehsenfeld and Schmeltekopf

(1966) have recently demonstrated in the laboratory that the rate of

O+ + N2 -_ NO + + N

increases rapidly with increasing vibrational temperature. This may be

the explanation of the decrease in electron density in the vicinity of

red arcs and during disturbed conditions. The vibratlonally excited

molecules can be produced by electron impact and possibly by the O(ID)

deactivation process (I).

It has been suggested (Potter and Del Duca 1960) that vibrational

excitation may be the energy source for excitation of the Na D lines

according to

Na + N2 -, Na(2p) + N2

and Hunter (1965) has obtained evidence that this reaction occurs in

low altitude aurora. Recent laboratory work is described by Start and

Shaw (1966).

Experimental studies of vibrational excitation and de-excitatlon

processes and of the effect of vibrational excitation on reaction rates

would be of value. Bates (1955) has argued that the atom - atom inter-

change process
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0 + 02 -_ 02 + 0

may be an efficient mechanism for deactivating 02 . If it is not, a

substantial population of 02 will occur in the atmosphere through

production processes such as fluorescence in the discrete Schumann-

Runge system. Apart from its effects on the atmospheric chemistry,

02 can be ionized by solar radiation at longer wavelengths and the

absorption of Lyman-alpha may be modified by its presence.

All of the reactions discussed so far ace thermal collision proc-

esses. The non-thermal heavy particle collision processes which are of

interest involve fast protons and the hydrogen atoms which result from

electron capture by the protons in collisions with the atmospheric part-

icles. The atmosphere is bombarded by protons during many auroras and

in particular during polar cap auroras. Little information is available

on the cross sections for the various possible processes beyond that given

in Chamberlaln's book (Chamberlain 1961), which discusses in detail the

collision processes which occur (see also Prag, Morse and McNeal 1966).

The position is similar in the case of electron impact. Electron

impact excitation and ionization studies have a new importance since

photoelectrons contribute substantially to excitation of the dayglow,

the successful observation of which (cf. Wallace and McElroy 1966)

provides a valuable additional means of investigating atmospheric

properties.

69



I
I
I

I
I

I
I

I
I

I
I
I

I

I
I

I
I
I

I

Electron collision processes determine also the electron and ion

temperatures in the ionosphere. Most of the important processes are

known to sufficient accuracy (cf. Dalgarno, McElroy and Walker 1966)

with the exception of vibrational and rotational excitation of molec-

ular oxygen. Recent work on the cooling of electrons colliding with

02 is described in papers by Geltman and Takayanagl (1966), Mentzonl

and Rao (1965), and Sampson and Mjolness (1966).

The success of the Mariner IV occultation experiment (Kllore et al.

1965) presents a number of problems of interpretation. The rates of re-

actions involving CO2 and its dissociation and ionization products are

vital to a proper understanding of the structure of the Martian atmos-

phere. The ambient temperature may be very low and it is deslrable to

attempt measurements down to temperatures as low as 50°K. The reaction

+
0++ co2 _ 02 + co

is important for the _mrtlan ionosphere. Its rate coefficient has been

measured at room temperature (Fehsenfled, Ferguson and Schmeltekof 1966,

Paulson, Mosher and Dale 1966), but not at 80°K, the temperature suggested

by Johnson (1965) and by Fjeldbo, Fjeldbo and Eshleman (1966) as appro-

priate to the atmosphere at 120 km. Chamberlain and McElroy (1966) argue

that such low temperatures do not occur. Their argument rests on the

that CO, recombines rapidly with electrons and a measurementassumption

the rate of dissociative recombination of CO_ together with an ident-of

iflcatlon of its end products is needed.
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In discussing radiation losses, Chamberlain and McElroy (1966)

assume that the rate coefficient for vibrational deactivation of CO2

varies with temperature T as exp (-82.8T-I/3). The formula reproduces

the high temperature data adequately but it is uncertain whether or not

it remains appropriate over the possible range of Martian temperatures.

Because of the low densities prevailing in the Martian atmosphere,

two-body collision processes assume a greater importance than in the

terrestrial atmosphere, and radiative association, about which little

quantitative information is available, may be the major recombination

mechanism.

Of the other planets, there has been some discussion of the upper

atmospheres of Venus (cf. Shimizu 1963) and of Jupiter (cf. Gross and

Rasool 1964). Reactions involving the dissociation and ionization

products of CO2 and N2 are significant for Venus and of _ and He for

Jupiter. Of particular relevance to a prediction of the composition

of the ionosphere on Jupiter are the rates of the reactions

He + + % - Hell+ + H

He +t_

which, though slow (Fehsenfeld et al. 1966), are probably responsible

for the removal of He + ions.
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3. Io_n Temperatures in the Topside Ionosphere

Analysis of backscatter observations (of. Evans, 1965) has

established that the positive ion temperature in the ionosphere

exceeds the neutral particle temperature at altitudes above 300 km

during the daytime and the results are in general accord with theo-

retical predictions which assume that the ions are heated by collisions

with the hot ambient electrons and cooled by collisions with the neutral

particles (Hanson 1963, Dalgarno 1963, Dalgarno, McElroy and Walker 1966).

Since the efficiency of the heating and cooling mechanisms depends upon

the ionic species involved, the different positive ions may have dif-

ferent temperatures.

We adopt the electron temperature and neutral particle distribution

appropriate to noon in April 1963 (Dalgarno, McElroy and Walker, 1966),

and use the ion distributions of Johnson (1966). The distributions are

listed in Table 9.

The ions X + are heated by the electrons at the rates

QCe,X+) S x I0"6nen<X+)ITe- Z(X+)}. ............. eV cm -3 sec "I (i)

m(X +) T 312
e

where m(X +) is the mass of X+ in units of the proton mass, T(X +)

and n(X +) are the temperature and density of X+ and T e and n e are

the electron temperature and density (cf. Spltzer, 1956). Expressions

for the cooling of 0+, He + and H+ byordinary elastic collisions

with the neutral constituents have been given by Brace, Spencer and
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TABLE 9

ALTITUDE DEPENDENCE OF DENSITY AND TEMPERATURE

Altitude T. n(O) n(He) n(H) n(O +) n(He +) n(H +) ne Te

km oK cm"3 cm "3 cm"3 cm "3 cm"3 cm"3 cm "3 o K

I
I

I
I

I

I
I
I

I

I
I

300

400

500

600

700

800

900

1000

917 4.7(8)* 6.8(6) 6.8(4) 3.2(5) 1.0(2) 5.0(2) 3.2(5) 2617

917 7.2(7) 4.3(6) 6.1(4) 1.6(5) 4.5(2) 1.3(3) 1.6(5) 2617

917 1.2(7) 2.7(6) 5.4(4) 8.4(4) 6.5(2) 1.8(3) 8.6(4) 2617

917 2.1(6) 1.8(6) 4.9(4) 4.8(4) 7.0(2) 2.0(3) 5.1(4) 2617

917 3.7(5) 1.1(6) 4.4(4) 2.7(4) 7.0(2) 2.7(3) 3.0(4) 2617

917 7.0(4) 7.6(5) ..... I.'"" 7._,,_ ,_..,_,,_ ,_, u _,,-I.J LUJ. I

917 1.4(4) 5.0(5) 3.5(4) 1.0(4) 8.5(2) 6.1(3) 1.7(4) 2617

917 2.8(3) 3.4(5) 3.2(4) 4.0(3) 9.5(2) 7.0(3) 1.2(4) 2617

4,7(8) m 4.7 x 108
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i Dalgarno (1965). Additional'cooling occurs through resonance charge

I transfer processes

X++ X -_ X+ X+

I If we assume chat resonance charge transfer merely transfers an electron

I without altering the velocity vectors, the cooling rates of 0 +, He+

i and H+ are given approximately by

Ln(O +) u n(O +)<18 x 10 "14 n(0) + 6 x 10 "15 n(He)

l + 2 x 10"15 n(li))<T(0+) - Tn} eV cm"3 sec "l

Ln(He@) - n(He ÷) (6 x 10 "14 n(0) + 4 x 10 13 n(He)
I . . (2)

+,_,o"'_.c._)<,_.+_-,_)._o._..o'

i Ln(I{d.) - n(ll+) (3 x I0"14 n(O) + 5 x I0-14 n(He)

I +_x,o"_,,_._)b_.+>.,).,,o."..:'

i where n(X) is the number density o£ X and Tn is the neutral

particle temperature.

i Substantial differences between the ion temperature I result
from equating 41) and 42). However, because of the long range Coulomb

i interaction_ the ion temperatures are closely coupled to each other.

i The rate at which ions X÷ lose energy to ions Y+ is given by Spitzer

(1956) as

f ÷ _-3/ m(X +) m(y ÷) 43)

assuming that the tons have F_axwellian velocity distributions character

iued by temperatures 7(X+) end TCY+).I
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Consideration must also be given to the role of the near-resonance

reactions

H + 0+ t- H+ O(3P2 )-_ + + 0.019 cV

H + 0+ _ H++ O(3pl) - 0.001 eV

H + 0+ _ H+ + O(3Po) - 0.009 eV

(4)

in which one ion is transformed into another. The reactions appear to

behave like symmetrical resonance charge transfer processes (Rapp 1963).

Thus, the cross sections vary only slowly with energy so that the reac-

tions which remove ions do not significantly affect the ion temperature.

The fraction of 0 ÷ ions in the ionosphere which are produced by

(4) is negligible and so accordingly is the heat source, but (4) is an

important source of H÷ ions. The initial temperature of the protons

produced by (4) is given by

T,(.÷) = re(H) re(O) + m(O +) m(H÷) T(O +) + re(H) m(H +) + m(O ÷) re(O)T(H)

•_m(H) + m(O+)? 2 _m )2(H)+ m(O+)

+ 2m(O)

3k(m(.+)+ re(O))

where ¢ is the energy defect and k is Boltzmann's constant (Burgers,

f 1961). Substituting approximate values of the parameters yields an

initial temperature TS(H +) between 1200°K and 900°K, only slightly

above th_ neutral particle temperature. _he H+ temReratu_e obtained

when (4)te isnored to about 1600°K so that (4) _s a source o£ cold

protons which ere heated mainly by collilions with the ambient thermal
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• i0-I0 3 -Iproton gas Adopting the rate coefficient 4 x cm sec for

I
I

I

(4) (Hanson, Patterson and Degaonkar, 1963), it is clear that the

heat loss associated with (4) is negligible compared to L (H+).
n

Equating the heating and cooling rates of the ions, 0+, He +

and H+ leads to a set of coupled equations for the ion temperatures

which may be solved iteratively. The resulting ion temperature pro-

files are illustrated in Figure 4. Because of the high efficiency of

I energy exchange in ion-ion collisions, the H+ - 0+ temperature dif-

ference does not exceed 200°K, and the He + - 0+ temperature difference

does not exceed 20°K. In most circumstances it will suffice to charac-

terize the ionic distribution by a single ion temperature_

I

I
I

I

The flow of heat from electrons to neutrals at 700 km is shown in

Figure 5. At this altitude the H+ and 0+ ions are of approximately

equal importance. At lower altitudes the heat flows principally to 0÷

and then to O, and H+ loses most of its heat to 0+. At higher alti-

tudes heat flows principally to H +

receives most of its heat from H +.

all altitudes.

and then to

The role of

H and He, and 0+

He + is negligible at

I

I

I

I

I
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I Figure 5. Flow of heat from electrons to neutrals at 700 km.

units are eV cm "3 sec "I.
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C. EXPERIMENTAL INVESTIGATIONS IN THE VUV A_D EUV SPECTRAL REGIONS

During this quarter, the VUVand EUV laboratory effort has been

directed toward t_o scientific areas:

I. The determination of photoionizatlon cross sections of atomic

hydrogen in the spectral region 912 to 300 _.

2. Laboratory investigations on determining the electron energy

spectrum due to the EUV and VUVphotolonizatlon of planetary gases.

i. Photolonization Cross Sectlons of H for )_k 912 to 500

During this reporting perlod_ the photolonlzation cross sec-

tion measurements of H for _k 912 to 500 _ have been completed. The data

has been reduced, analyzed and interpreted. The details are available

in a forth coming publlcation_ so that only a brief technical smmnary is

given below.

The photoionlzatlon cross section of H has been calculated (I'7)

as a function of wavelengthp k, but laboratory measurements have been

performed only at one wavelength, 850.6_. (8"9) The present work is con-

cerned with the first measurements on the cross sections as a function of

wavelength throughout the spectral region 912 to 800_.

The difficulties encountered in producing a sufficient amount

of H and on quantitatively measuring the H-content have been discussed

in previous quarterly reports. It was shown that this aspect of the
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problem can be largely by-passed by employing a technique developed in

this laboratory which nornmllzes the photoionlzation cross section of H

at a single wavelength with the known cross section values of H 2 in

such a manner as to extract the _-values for H at those wavelengths

where _-values for H 2 are available. However, a practical limitation

of this technique is that its application is restricted to cases in which

H 2 and H sample Eases must be in their respective I_ + and 12S1/2the

g

(ground) states.

Under the conditions cited, it can be sho_m that the follow-

ing equation applies:

Ze(x_ )

_(H,x) : _n I(8,5o,6)

I,(850.6)

Or(H,850.6 ) - _ 0"(H2,850.6 ) + _ °'(H2,X).

All quantities on the right-hand side can be measured and hence, _(H,X),

the photoionization cross section for H, can be experimentally determined.

It is the application of this new formulationwhich has made it possible

to obtain the present ff(H,k)-values.

J

The experimental apparatus employed is shown in Figure 6 .

Molecular hydrogenp 99.5 percent pure, was introduced directly into the

system through a flow meter and a needle valve. Hydroged atoms were

produced in an electrodeless microwave discharge maintained in a 1.0 cm id

Vycor tube using a Burdlck Model l_d-1 100WMc/sec diathermy unit and an
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_venson" cavity manufactured by the Ophthos Instrument Company. The

discharge was cooled nearly to room temperature by a flow of cold air.

The products of the gas discharge passed through a U bend and a 78.5 cm

long 1.5 cm id Pyrex absorption cell before being pumped from the system.

The absorption cell was mounted such that one end was about 0.5 cm from

the exit slit of a l4cPherson 1/2-m Seya monochromator. A monochro_atic

photon beam (wavelength bandpass 3.5 _) passed axially through the cell

and was detected using an aluminum photoelectric detector. The photo-

electric current from the detector was measured with a EeithleyHodel 417

picoannneter. The radiation sources were a high voltage repetitive con-

densed spark discharge in argon and a hydrogen dc discharge. Both sources

produced a many lined spectrum. The pressure in the entire system when

evacuated was less than 5 x 10 -5 tort. There was no detectable change i

in the flow rate of the gas entering the system when the discharge was

switched on, a change of 0.5 percent would have been observed.

During the performance of the experiment, it became evident

that excited species to the ground state H and H2 were present. To

ascertain the error in the absorption cross section measurements due to

these species, subsidiary experiments were performed. These consisted

of measuring the photoionization current and searching for appropriate

signature ionization thresholds for excited species. The observed

magnitude of photoionization currents was sufficiently small to eliminate

the possibility of a large number of electrically excited metastable

states. It became obvious, however, that there were considerable num-

bers of vibrational excited molecules which virtually precluded accurate
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measurements at wavelengths shorter than about 800 _. In brief, then,

these subsidiary experiments indicated that the present technique was

capable of measuring absolute cross sections from threshold to at least

850 _ and probably down to 800 _.

The final data is shown in Figure 7. The various displays

are due to the fact that measurements were taken over the range from

above threshold to 800 _ with a variety of gas mixtures and pressures.

The mixtures ranged from 100 percent H2 to 90 percent H + 10 percent H2.

The various pressures investigated were adjusted to yield photoionization

currents which could be reliably measured. In any case, comparison of

these data with theory (solid curve in Figure 7) indicate that excellent

agreement exists for _ from threshold to about 840 _. At shorter

wavelength the agreement becomes less satisfactory due to the presence

of the vibrational excited molecules.

This material has been prepared as a paper submitted for

publication in Physical Eeviews.

2. Laboratory Studies on the Electr?n Energy Spectrum Due to

EUV and VUV Photoionization of Planetary Cases

During this quarterp considerable progress has been achieved

in the experimental determination of the electron energy spectrum due to

EUV and VUVphotolonization of several planetary gases, including 02, N2,

CO and CO 2. A rather detailed discussion of the techniques employed are

included here since this is a continuing task so that it is desirable to

set up continuity for future reports on this phase of the program.
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7. The photoionization cross section of atomic hydrogen calculated using

Equation (5). The symbols @, X and O denote three sets of data, the

first two of which were obtained with H 2 alone flowing into the system.

The third set (O) was calculated from data obtained with a H2-He mixture

flowing into the system. The percentage experimental error at wave-

lengths longer than the ionization threshold, 912A, was large since, in

this region, there was little change _n absorption when the gas was

discharged. In the region 912 to 850A, the estimated experimental

error was _ I0 percent. The solid line represents the theoretical

cross section.

88



I

I

I

I

I

When radiation of a given wavelength is absorbed by a gas,

the residual molecules are left in particular states of excitation.

The probability of a molecule being excited to a given state J is denoted

by the specific cross section for the process u.. The total absorption
]

cross section u is, therefore,

=I _J (I)

J

I

I

I

I

I

I

I

If the radiation is sufficiently energetic, there is a finite probability

that some of the molecules will be ionized and left in various degrees

of excitation. That is, in Equation (i), some of the _j may refer to

the cross sections for the production if ions while others simply refer

to the excitation of neutral molecules. Let _ refer to the total absorp-
e

tion cross section for simple excitation of neutral molecules and let the

_j refer to the specific cross sections for ionization, thus Equation

(i) becomes

" Ze ÷L uJ" (2)
J

Zn the following we are interested in determining the probabillty that

the absorbed radiation will leave a molecular ion in a specific state of

I

I

I

excitation. That is, we are interested in determining the specific

photoiouization cross sections =j. These cross sections can be found

by measuring the current i. of photoelectrons of specific kinetic
J

energies. The kinetic energy of the electrons specifies the state in

which the molecular ion is left. It can be shown that

I _j - (lj/i) 7u (3)
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and

I o"e :_(1 - _),

I where _i is the total electron current, ij

eject :d fr m tl e sta e J, and 7 is the ph0

I as th,, ot ,1 n tuber , f ions formed per ph_

I Proof:

I Fro_ t e L robert. Beer law, the hum er

specific process is proportional (a) t t_

I radiation at the point of absorption, b)

particles, and (c) to the pathlength A tr

I proportionality constant ffj is the spa, IlL

I Thus,

AIj = (Indx)_j.

I The total a Lount o r,Ldiation absorbed by

I _x is =

i _I (In_x)c.

Eliminating (I_$x) in Equation (5).

!

(4)

is the current due to electrons

ejected from the state J, and 7 is the photoionization efficiency defined

as the total number of ions formed per photon absorbed by the gas.

From the Lambert-Beer law, the number of photons absorbed _lj in a

(a) to the intensity I of the incident

(b) to the number _ of absorbing

particles, and (c) to the patblengthAx traversed by the photons. The

is the specific absorption cross section.

(5)

The total amount of radiation absorbed by all processes in the path!ensth

(6)

From the definition of the photolonization efficiency,

ij/e

_j _zj

(7)

(8)
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and

i/e
=-

At '
(9)

but since the state j is a state of the ion, 7j is unity, therefore,

3 3
(10)

Substituting dlj from Equation (7) into Equation (I0),

lj = e_IC_jl_);

and substituting AI from Equation (9) in Equation (ii)

(Ii)

_j = (ijli)7_.

Further_ summing up the separate ij in Equation (II),

i = ij =-_- o'j,
J J

but i = 7e_l from Equation (9)

.._-j
J

= +_. therefore, EquationFrom Equation (2)_ _ _e ___ _j_
(12) becomes

J

(12)

= _(1 - _).
e

Thus, the specific absorption cross sections can be deter-

mined from Equations (3) and (4) provided the total absorption cross

section and the photoionization yield are known along with the ratio of

the number of electrons of specific energy j to the total number of

electrons ejected. Values of 7 and _ have been measured for most gases

at many wavelengths. The present program has been involved with the

determination of the ratio (ij/i).

91



I
I
I

I
I
I
I

I
I
I

I
I

I

I
I
I

I
I

I

To determine the ratio (ijli), a spherical electron energy

analyzer has been constructed and tested. The analyzer has been described

in previous quarterly reports, however, for convenience, the basic con-

struction is reproduced in Figure 8. Previous tests of the analyzer

have proved its effectiveness in determining the gross features of the

kinetic energy spectrum. To improve resolution, the analyzer must (a)

be operated at extremely low pressure, (b) the ionization must occur in

as small a volume as possible, (c) the wavelength bandpass of the mono-

chromatormust be as narrow as possible (see Tablel0), and (d) the effects

of the Earth's magnetic field must be counteracted.

Since the implementation of items (a), (b), and (c) reduces

the electron current, it is necessary to devise an efficient system for

collecting the photoelectrons. Various electron focusing systems are

described below. Item (d) has been implemented by constructing a

Helmholtz coll which provides a uniformmagnetlc field capable of annuling

the Earth's fleld within the volume of the analyzer. Within the limits

of the presently available gauss meter, Bell, Inc. No. 240 Incremental

Gauss meter, the residual fleld has been reduced to zero ± 0.005 gauss.

A photograph of the monochromator, analyzer, and Helmholtz coll is shown

in Figure 9.

For maximum sensitivity, all of the electrons leaving the

analyzer must be collected. However, due to the finite area of the

electron multiplier cathode (Figure 8 ), this is not possible. It is

essential, therefore, to use some type of electron focusing system. A

study of different focusing systems is currently underway, and some pre-

liminary results are shown in Figures l0 to 13.
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Using a system similar to that shown in Figure 8 , preli_Lnary

measurements have been made at 584 _ in 02, N2, CO, and CO 2. Typical

results for N 2 and CO2 are sho_m in Figures l4 and 15 . The improved

resolution of the present data can be seen in Figure 14 , which sho_s the

vibrational structure of the A_ state of the molecular nitrogen ion.
u

These states are separated by approximately 0.22 eV_thus the present

energy resolution o£ the analyzer is about 3.7 percent for electrons o£

6 eV energy.

The values of the photolonization cross section _j are listed

in Table _ for 02_ N2, CO, and CO2 at 584 _. Since the photoionization

yield for these gases is 100 percent at 584 _j then _e " 0. The data

in Table 11 thus provides 0 got the first times a complete quantitative

picture of the absorption process at 584 _.
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1200

TABLE I0

Energy Resolution Determined by Mo_ochromator Bandpass
in Units of eV/_

iii

LIE(eVIl) ,LSE(eV per 5 _. bandpass)

0.137 0. 685

•101 .505

•077 •385

•061 .305

•050 •250

•041 .205

•034 .170

•029 .145

•025 .125

•022 •110

.019 •095

•017 .085

•015 .075

.014 .070

• 012 .060

•011 .055

.010 .050

.009 .045

• 0086 . O43
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D. PIANETA_¥ AERONONY

During the current Quarter, the planetary aeronomy effort has

been concentrated on the role of meteoric debris in the earth's atmos-

phere, thus completing all items under the program Work Statement. Con-

cerning the current meteoric investigation, a rocket experiment is

suggested wherein the atmospheric residency of debris materials can be

observed simultaneously using a quadrupole mass spectrometer in con-

junction with an optical probe (e.g., a Fastie-Ebert spectrometer or a

number of selected photometers). A detailed account of the work accom-

plished thus far is reported here since the study is incomplete and

therefore not amenable to publication in the open literature.

lo The Role of HeteoricVebri _ in the..Eart h Atmosphere:

S!multaneou s Observation of. Meteoric Debrisby Employing a

Rocket:Borne Mass Spectrometric and Optical Probe

Recently, identification and measurement of a considerable

number of ambient ion species has been performed by both Narcisi and

Bailey (1) and Istomin (2) using mass spectrometric techniques. Certain

measurement ambiguities exist due to absolute instrumental calibration

and the difficulty of precise mass identification of certain constituents.

The results of the present investigation indicate that several meteoric

debris species including the aforementioned and others may be observed

with extremely high sensitivity by solar resonance scattering. Thus,

the use of an appropriate optical instrument, such as a Fastie-Ebert

spectrometer or a properly designed photometer, in addition to a quadru-

pole mass spectrometer would result in the simultaneous measurement of
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a number of species by the t_m techniques. Additionally, measurements

could be obtained on a number of neutral species not presently observable

by mass spectrometric techniques. The incorporation of the optical

capability additionally serves to reduce the above-cited experimental

ambiguities by acting as an absolute calibration source for the mass

spectrometer and by providing specific spectral species mass identifi-

cation criteria for the observed atoms or ions. Thus, the additional

and confirmatory optical measurements will provide more satisfactory

data upon which to evaluate the role of interplanetary debris in the

earthms atmosphere, especially _ere the ionic and neutral states of an

individual species can be measured simultaneously.

In the present analysis, expected signal intensities from

solar-illuminated debris species are calculated on the basis of the

reported number density distributions obtained from rocket-borne mass

spectrometric (1'2) and ground-based twilight measurements. (3'4) These

signal intensities are then compared to the Rayleigh scattered back-

ground level to demonstrate the feasibility of the suggested experiment.

Finally, assuming equivalent column count residency of selected neutral

constituents (to their observed ionic counterparts), the high probability

of performing the indicated resonance scattering observations is

demonstrated.

a. Signal Characteristics

In the earth's atmosphere, trace materlals of possible

meteoric origin have been detected and measured by two methods of interest

here. These involve ion density measurements employing a quadrupole mass
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spectrometer wherein Narcisi and Bailey_l,t_ have reported observations

o__+, Na+andCa+,mileZsto=in(2>hasreported_+, Ca+,Si+ andF.+

The density profiles and integrated vertical column counts are presented

in Figures 16 and 17, respectively. As a partial confirmation of the

above results, Vallance Jones (3) has reported a column count of Ca + of

-2
about 4.5 x 108 cm by twilight resonance scatter observations from a

ground-based photometric site. Additionally, neutral Na, K and Li twl-

light photometric measurements have been smmmrlzed by Vallance Jones. (4)

These density distributions and corresponding integrated column counts

are also reproduced in Figures 16 and 17. To obtain estimates of the

overhead signal intensities IS, as a function of altitude, due to the

solar resonance scatter from these observed values it is necessary to

obtain the product of the appropriate solar resonance efficiency per

atom or ion, -" _hoton ._sec atom ) and the total column counts, NT, i,e., I S = PNT.

The solar resonance efficiency per atom P is defined by

P = _X a

where *k is the incident solar flux and _ is given by

where

(i)

a._e_/2 _ 2
mc gl _o (2)

e = the unit charge

m = electron mass

gf = the oscillator strength of the particular transition (for

the present purpose, the statistical weight of the upper

state is incorporated in this value)

gl = the statistical weight of the ground level

l° = the wavelength of the resonance line.
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The P-values for all of the observed neutral and ionic species and their

neutral and/or ionic species counterparts have been previously calculated

by Marmo and Engelman. (5) In Equation (i), no account has been taken

for the increased illumination of the species due to earth and atmos-

pheric albedo radiation. (6)

The resultant overhead signal strengths, IS are presented

in Figure 18 for all of the observed species having available resonance

lines. The summarized data indicate that the expected signal strength

values are essentially constant to about 95 km and decrease as expected,

at higher altitudes.

b. Rayleigh Scattered Background Intensities

In the signal rocket experiment discussed above, it is

evident that the indicated measurements must be performed against the

ambient Rayleigh scattered background, defined by

where:

IB (),,t) = P(_) _), o'),n o H (3)

P($) = Rayleigh scattering phase function = 3 (I + COS 25 )

n
o

= solar photon flux (photons cm "2 sec "I _-I)

= Rayleigh scattering cross section (cm "2)

= column count of ambient atmospheric constituents.

The evaluation of background profile with altitude assists in the

selection of an optimum probe level. In order to consider a representa-

tive case, in Equation (3), a geometrical configuration has been assumed

involving a solar zenith angle of 45° and a 0° instrumental zenith angle.
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This results in a scattering phase function value, P($) = 1.125. Here

again, no account has been taken of the contribution due to the additional

illumination from earth and atmospheric albedo. (6) The atmospheric

column counts were obtained from the 1962 Standard Atmosphere. (7) The

results of these calculations are sho_.m in Figure 19 for altitudes of

80, 85, 90, 95, and 100 km. The intensity values are presented in units

of Rayleighs/_ (106 photons/cm 2 sect), so that these backgrounds would

be directly applicable to an instrument with a 1_ resolution capability,

viewing vertically at the indicated altitudes and a solarzenlth angle

of 45 ° .

c. Suggested Experiment

A summary of the previously discussed signal and back-

ground results is contained in Table 12 appropriate to an upward viewing

instrument and a 45 ° solar zenith angle. The tabulated signal levels

for Ca+ and Mg + are average values from Figure 18, while the background

levels appropriate to rocket viewing altitudes of 80 and 95 kmhave

also been selected. In most instances, it can be seen that the magni-

tudes of the expected signals (compared to the background levels)

indicate that favorable experimental results could be anticipated.

Furthermore, the spectral locations and P-values for Ca, Si, ME, and Fe

are also included in the table for reference purposes. Since the P-values

for the neutrals are either essentially equivalent to or greater than

those of their ionic counterparts, at least equivalent favorable experi-

mental performance can be predicted for these hitherto undetected ambient

neutrals if they exist in essentially equivalent amounts.
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TABLE 12

EXPECTED RESONANCE SCATTERED SIGNAL INTENSITIES AND BACKGROUND LEVELS

_ i

Element X,_

,,...... ii i i if, , i,,,l ,,m i i

photon N.(observed) Ts(R)
P(sec atom ) _ (cm'2)

i ,,i i i , i,,i i ,, ii

LiI 6706(d) 1.6 x I01 4 x 106 64

KI 7665 1.4 x 100 6 x 107 84

Nal 5890 1.6 x I00 2 x 109 3200

Call 3934 3.2 x I0"I 2.6 x 108 83

CaI 4227 2.5 x 10 "1 _ --

k-8Okm
, i

30

20

50

140
140

SiII 1808 2.7 x i0-4 8 x 108 0.2

SiI 2514 1.4 x I0 -2 _ - 30

MgII 2796 7.9 x 10 -2 1.8 x 109 140
MgI 2852 2.6 x 10-1 _ _

Fell 2599 6.5 x 10 -2 7 x 109 455

FeI 3441 1.9 x 10-2 _ --
• J

i un l ,,, i J_ , ,

80

90

50

170
m,, m
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It has thus been shox,m that the simultaneous measurement

of possible meteoric debris species by mass spectrometric and optical

resonance scattering techniques will both reduce existing constituent

abundance uncertainties and elemlnate mass determination ambiguities.

Furthermore, if the selected rocket-borne optical instrumentation has a

broad spectral operational capability, positive identification and

measurement of additional constituents appears possible including the

neutral counterparts of previously observed ionic species.

A more detailed future investigation _.RII involve

evaluations of the experimental performances of both rocket and satelllte

borne instrumentations, a variety of solar positions and instrumental

look angles including tangentially to the horizon to increase signal

intensity, incorporation of earth and atmospheric albedo effects, etc.
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III. OTHER PERTINENT INFORMATION

During this Quarter, the following four scientific papers were

presented at professional meetings:

(I) Atmospheric Ion-Molecule Reactions by a Photoionization

Mass Spectrometric Technique (P. Warneck and F.F. _armo)

(2) Collision Processes in Planetary Atmospheres (A. Dalgarno)

(3) Atom-Atom Collision Processes in Astrophysics (A. Dalgarno)

(4) Reactions of ID Oxygen Atoms @ (P. Warneck)

For other details see Introduction
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Labor Category Labor Grade Total Hours

I
l

I
I

I
I

I
I
I

I

Junior Key Punch Operator

*Junior Technician

*Technician

Experimental Machinist

*Senior Technician

Senior Experimental Hachinist

*Junior Scientist

Junior Engineer

*Scientist

Engineer

Senior Scientist

Senior Engineer

Staff Scientist

Principal Scientist

Group Scientist

ODC (Overhead Direct Charges)

and other equivalent categories

I

2

3

4

5

6

8

9

10

8.00

549.00

74.00

72.50

68.00

21.50

156.00

76.00

68.00

97.00

37.50

I
I

I
I

I
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